Objective: This study investigated the effects of decreased audibility in low-frequency spectral regions, produced by low-pass noise masking, on cortical event-related potentials (ERPs) to the speech sounds /ba/ and /da/.
Studies are emerging that examine the effects of hearing loss on cortical auditory event-related potentials (ERPs) to speech stimuli (e.g., Oates, Kurtzberg, & Stapells, 2002; Polen, 1984; Tremblay, Piskosz, & Souza, 2003; Wall, Dalebout, Davidson, & Fox, 1991) . Systematic examination of the effects of decreased audibility is needed to provide insight into changes in neural processing caused by decreased audibility in specific spectral regions. It is difficult to examine the effects of decreased audibility in individuals with sensorineural hearing loss systematically because the effects of sensorineural hearing loss are not limited solely to audibility. These individuals often have other problems in addition to decreased audibility that are difficult to control for such as decreased frequency or temporal resolution and abnormal loudness growth (e.g., Fabry & Van Tasell, 1986; Festen & Plomp, 1983; Scharf, 1978; Thibodeau, 1991) . As a result, use of filtering or masking of stimuli presented to normalhearing listeners is often used to control for audibility in a systematic manner (e.g., Dubno & Ahlstrom, 1995; Dubno, Dirks & Ellison, 1989; Fabry & Van Tasell, 1986; Humes, Dirks, Bell & Kincaid, 1987; Miller & Nicely, 1955; Sher & Owens, 1974; Walden, Schwartz, Montgomery & Prosek, 1981; Wang, Reed & Bilger, 1978) . ERP results from these normalhearing listeners may provide information on the brain processes underlying auditory discrimination and possibly on factors relevant to the poor speech perception ability of many hearing-impaired listeners. Further, findings from these studies may lead to a useful clinical application of the ERPs as objective markers of audibility and auditory discrimination.
Our three previous studies examined the effects of decreased audibility produced by high-pass noise masking (using 4000 Hz through 250 Hz filter cutoffs in octave steps) or broadband noise masking on ERPs to speech sounds /ba/ and /da/ (Martin, Kurtzberg & Stapells, 1999; Martin, Sigal, Kurtzberg & Stapells, 1997; Whiting, Martin & Stapells, 1998) . High-pass noise masking decreases audibility for spectral regions at and above the masker cutoff frequency and simulates, in part, the effects of high frequency sensorineural hearing loss. Broadband noise masking (BBN), in contrast, produces threshold elevations for all audiometric frequencies, and simulates, in part, the effects of flat hearing loss. The first of these studies examined the effects of high-pass noise masking on N1, N2, and P3 ERPs using an active paradigm, in which subjects attended to the stimuli and pressed a button in responses to selected sounds (Martin, Sigal, Kurtzberg & Stapells, 1997) , whereas the second used a passive paradigm in which subjects ignored the stimuli to examine the effects of high-pass noise maskers on N1 and the mismatch negativity (Martin, Kurtzberg & Stapells, 1999) . The first study demonstrated that high-pass noise masking had a differential effect on N1 versus behavioral measures of discrimination [d-prime (d') , reaction time (RT)], P3, and N2 (Martin, Sigal, Kurtzberg & Stapells, 1997) . N1 was present for all conditions in which the speech stimuli were audible, whether or not they were discriminable. P3 and N2 were present only when behavioral measures of discrimination indicated speech sounds were audible and discriminable. More specifically, when the high-pass noise was lowered below 2000 Hz, P3, and N2 amplitudes decreased and latencies increased significantly, and behavioral measures of discrimination showed significant changes (Martin, Kurtzberg & Stapells, 1999; Martin, Sigal, Kurtzberg & Stapells, 1997) .
The second study showed, similarly, that N1 changes systematically in amplitude and latency with high-pass noise masking beginning with the 4000 Hz condition, whereas mismatch negativity and behavioral measures (collected separately) show large changes beginning with approximately the 1000 Hz high-pass noise masking condition (Martin, Kurtzberg & Stapells, 1999) .
The third study demonstrated that BBN maskers produce significant decreases in ERP amplitudes and behavioral discriminability (Whiting, Martin & Stapells, 1998) once speech-to-noise ratios were Յ0 dB. N1 was present even after N2, P3, and behavioral discriminability were absent. ERP and behavioral RTs, in contrast to amplitudes, showed significant decreases at higher speech-to-noise ratios. Latency increases occurred once the speech-to-noise ratio was Յ20 dB. Significant latency increases occurred with less masking for N1 than for P3 or behavioral RT, showed the largest total changes. Decreased audibility resulting from BBN masking therefore affects the various ERP peaks in a differential manner, with latencies being more sensitive indicators of broadband masking effects than are amplitudes (Whiting, Martin & Stapells, 1998) . A similar study by other investigators subsequently investigated the effects of BBN maskers on the mismatch negativity (MMN) (Müller-Gass, Marcoux, Logan & Campbell, 2001) and showed that MMN amplitudes decreased and latencies increased as the intensity of the masking increased. Additionally, a trend toward increased right hemispheric activity in the presence of noise was demonstrated. Another magnetoencephalography study showed that MMN amplitude to tone stimuli presented to the right ear is reduced when BBN is presented ipsilaterally (but not contralaterally) at a signal-to-noise ratio of Ϫ7 dB, and MMN is absent when music is presented to either ear at a signal-to-noise ratio of Ϫ5 dB. N1, in contrast, was reduced in amplitude when music was presented to either ear and was further reduced in amplitude when BBN was delivered ipsilaterally compared with contralaterally (Levanen & Sams, 1997) .
The present study completes our noise masking series. The purpose was to investigate the effects of low-pass noise masking on ERPs N1, MMN, N2, and P3 to speech sounds /ba/ and /da/. Low-pass noise was selected because hearing loss does not always occur in high-frequency spectral regions alone or just with flat audiometric configurations but also may also occur only in low-frequency spectral regions. The use of low-pass noise raises thresholds for frequencies at and below the filter cutoff settings, and to a lesser extent above, due to upward spread of masking (e.g., Dubno & Ahlstrom, 1995) . These low-pass noise studies, considered together with the earlier high-pass noise studies, provide for a more complete understanding of the effects of decreased audibility for different spectral regions.
METHODS

Subjects
Ten adults (4 male, 6 female) aged 24 to 40 years (mean ϭ 33 years), with no history of neurological disorder, participated. All subjects had hearing thresholds of 20 dB HL (ANSI, 1989) or better bilaterally, from 250 through 8000 Hz. Acoustic immittance testing was performed before each session to rule out abnormal middle-ear status. All subjects had a normal tympanogram and a present ipsilateral acoustic reflex (1000 Hz, 90 dB HL) in
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Stimuli
The /ba/ and /da/ stimuli for these studies were selected because discrimination of place of articulation is typically difficult for hearing-impaired listeners due to the high-frequency content and low intensity of the spectral energy necessary for place discrimination. These are the same stimuli used in our studies of the effects of high-pass noise masking (Martin, Kurtzberg & Stapells, 1999; Martin, Sigal, Kurtzberg & Stapells, 1997) and BBN masking (Whiting, Martin & Stapells, 1998) on cortical ERPs. The stimuli were created by digitizing natural tokens produced by a male talker. The tokens were then processed using linear prediction coefficient analysis, and synthesized tokens were regenerated using the linear prediction coefficient polynomial roots (Maiste, Wiens, Hunt, Scherg & Picton, 1995) . The tokens were edited to 150-msec duration (by eliminating the final portion of the steady-state vowel and windowing the offset of the vowel) and calibrated in peak-to-peak equivalent (ppe) SPL, relative to a 1000-Hz pure tone.
Spectrographic analysis was used to determine the frequencies of the formants and formant transitions for both /ba/ and /da/. The frequencies of the steady-state portion of the vowels were F0 ϭ 108 Hz, F1 ϭ 674 Hz, F2 ϭ 1140 Hz, and F3 ϭ 2350 Hz. The transitions for /ba/ began at 328 Hz for F1, 1071 Hz for F2, and 2298 Hz for F3; the transitions for /da/ began at 362 Hz for F1, 1832 Hz for F2, and 2540 Hz for F3. Burst frequencies were similar for the two speech sounds (1500 to 4800 Hz for /ba/; 1200 to 4900 Hz for /da/). Thus, the primary differences between the stimuli are in the 1000 to 2000 Hz range. The stimuli were presented to the right ear of the subjects at 65 and 80 dB ppe SPL.
For the active discrimination conditions, 200 stimuli were presented in a run, which was replicated, yielding a total of 400 stimuli per condition. For passive conditions, 1000 stimuli were presented in a run, which was replicated, yielding a total of 2000 stimuli per condition. The passive sessions require a larger number of sweeps because of the small amplitude and large variability of the MMN (e.g., Kurtzberg, Vaughan, Kreuzer & Fleigler, 1995; Lang, Eerola, Korpilahti, Holopainen, Salo & Aaltonen, 1995; Martin, Kurtzberg & Stapells, 1999) . Stimuli presented as standards (i.e., the more frequently occurring stimulus in the run) had 0.90 probability of occurrence and stimuli presented as deviants (i.e., the infrequently occurring stimulus within the run) had 0.10 probability. The stimulus onset asynchrony was 1100 msec for the active discrimination sessions to obtain clear (in the quiet condition) N1 and P3 waves. The stimulus onset asynchrony for the passive sessions was 610 msec to improve the signal-to-noise ratio of the recording (by allowing more trials to be recorded) and therefore to obtain a clear MMN (in the quiet condition). Both speech sounds were presented as standards and deviants in separate runs. Presentation order of the standard-deviant stimuli within each run for the passive sessions was not randomized (e.g., Scherg, Vajsar & Picton, 1989) , and the deviant stimulus was presented every 10th trial. Stimulus presentation order within a run for the active discrimination sessions was pseudorandomized, with the provision that there were not two deviants in a row, and the first stimulus could not be a deviant.
The 65-dB ppe SPL intensity was selected because of its similarity to conversational speech levels. The 80-dB ppe SPL intensity was selected because this is a higher intensity and therefore mimics, in part, the effects of amplification. Inclusion of this intensity allows for examination of whether noise-masked stimuli that were inaudible at 65 dB become audible at 80 dB and whether stimuli not discriminable at the lower intensity become discriminable.
Maskers
The speech stimuli were presented in quiet (no noise masking) and in conditions mixed with ipsilateral masking noise. The masking noise originated from a broadband noise generator was filtered (96 dB/octave slope), attenuated, and then mixed with the stimulus (either the speech sounds for the ERP testing or the pure tones for behavioral audiological testing). The noise together with the stimulus was fed to a series of passive attenuators, and then to an insert earphone. The level of the BBN required to fully mask behavioral perception of the 65-dB ppe SPL speech sounds was determined for each subject by the following procedure: The masking level was increased using 10-dB steps until the speech sounds were not heard. The masking level was then decreased by 10 dB, and a bracketing approach was initiated using a 1-dB step size. Masked threshold was defined as the level at which the speech sounds were inaudible 50% of the time. The masking noise was then increased by 7 dB above this level to ensure adequate masking of the speech sounds, as the threshold for masking ERPs is often a few dB higher than the threshold for masking perception (Stapells, Picton & Durieux-Smith, 1994) . The noise was subsequently low-pass filtered using settings of 4000, 2000, 1000, 500, and 250 Hz. These cutoff EAR & HEARING, VOL. 26 NO. 2 197 settings were selected because they allow us to control for audibility in the frequency regions most important for speech perception, are commonly used in behavioral studies, and are comparable to those used in our previous high-pass noise masking studies. The same noise intensity was used for both the 65-and 80-dB ppe SPL speech stimuli. The 80-dB stimuli, therefore, were not completely masked. The intensity required to fully mask these 80-dB stimuli would be potentially damaging. The masking noise (unfiltered) ranged from 77.5 to 85.5 dB SPL (mean ϭ 80 dB).
EEG Recording
Seven EEG channels were recorded from electrodes placed at Fz, Cz, Pz, M1, M2, C3M (midway between C3 and M1), and C4M (midway between C4 and M2). The EEG channels were referenced to an electrode at the tip of the nose (Vaughan & Ritter, 1970 ). An eighth channel to monitor vertical eye movements and eye blinks (EOG) was recorded from electrodes over the right supraorbital ridge of the frontal bone and over the zygomatic bone under the right eye. An electrode placed on the neck served as ground. The seven EEG channels were amplified (gain ϭ 20,000), filtered (0.1 to 100 Hz, 6 dB/octave slope), and digitized (568 Hz per channel, 512 points), using either a 900-msec (active discrimination) or 550-msec (passive condition) analysis time. The analysis time included 100-msec prestimulus baseline for the active discrimination conditions and a 50-msec prestimulus baseline for the passive conditions. Amplitude measures were made relative to the prestimulus baselines. The EOG channel was filtered and digitized as above, but the amplifier gain was set to 5000. Single-trial ERP waveforms were saved for offline baseline correction across the sweep duration, digital filtering (30-Hz low-pass filter, 12 dB/octave), artifact rejection (Ϯ100 V in any of the channels, and Ϯ 75 V in the EOG channel), and averaging. ERPs were averaged separately for each stimulus, and averages were baseline corrected using the prestimulus interval. Two replications of each condition were obtained.
Behavioral Measures
Behavioral pure-tone audiograms (in dB SPL) for 250 to 4000 Hz were obtained in quiet (no masking) and in the presence of the noise maskers for all of the subjects using a GS 1701 audiometer.
Measures of RT and percent correct discrimination were obtained simultaneously with the ERP measures using button-press responses to the deviant stimuli in the active conditions. Measures of a subject's median RT, number of hit, false alarm, correct rejection, and miss trials were obtained, and criterion-free measures of sensitivity (d') were calculated for each active condition.
Procedure
The experiment consisted of EEG recordings obtained for active and passive conditions and the audiograms. The experiment was run over four to five sessions, for a total time of approximately 21 hours per subject.
For the active discrimination conditions, subjects were instructed to fixate on a small dot placed approximately 1 meter in front of them at eye level, to minimize eye blinks, and to press a button as soon as they heard the deviant stimuli. They were advised to place equal weight on the speed and accuracy of their button presses. Subjects were presented with two practice runs in the quiet condition, composed of 100 stimuli (one run where /ba/ was the deviant sound and one run where /da/ was the deviant sound). Only those subjects attaining accuracy of 90% or better in these practice runs were accepted for the study. Based on this criterion, no subject was rejected. In the passive conditions, subjects were instructed to ignore the stimuli and to concentrate on reading a book of their choice. They were advised to hold the book at an arm's length to reduce horizontal eye movement and to minimize eye blinks.
All testing was performed in a double-walled sound booth. Responses to the speech sounds were obtained in quiet (no masking), in BBN, and in 250-, 500-, 1000-, 2000-, and 4000-Hz low-pass noise. The conditions were randomized, with the exception that one BBN condition for a 65-dB speech stimulus was tested first, to ensure adequate masking of the ERPs to the speech sounds. Passive conditions were tested before the active discrimination conditions, as it may be difficult for subjects to ignore stimuli to which they had previously been instructed to attend.
Data Analysis
After offline processing of baseline correction and artifact rejection, the single-trial responses were averaged so that responses to stimuli presented as standards and deviants were grouped separately. Replications were averaged together for each condition. Difference waveforms were obtained by subtracting responses to the stimuli presented as standards from the responses to the same stimuli presented as deviants for each condition.
Response windows developed in our previous high-pass noise studies ( N1 was measured in the waveforms to the stimuli presented as standards at Cz in the active condition; P3 was measured in the waveforms to the stimuli presented as deviants at Pz for active conditions; N2 was measured in the difference waveforms at Cz for the active conditions; and MMN was measured in the difference waveforms at Cz for the passive conditions. These measurement locations were chosen because they are where the largest amplitudes were seen in the grand mean waveforms in the previous high-pass noise masking studies (Martin, Kurtzberg & Stapells, 1999; Martin, Sigal, Kurtzberg & Stapells, 1997) . Measurements were made on the average of the two replicated waveforms for each condition. Peak amplitude measures were determined at the point of largest amplitude within a response window. Latency measures were taken at the center of the peak within the window. In cases in which a wave was multipeaked, both amplitude and latency measures were taken at the point of largest amplitude within the response window. In cases of double peaks of equal amplitude, amplitude was measured at either peak, and latency was measured at the midpoint of the waveform. For P3, latency measures were obtained after digital low-pass filtering at 5 Hz (12 dB/octave in the frequency domain) to smooth the waveform (Martin, Sigal, Kurtzberg & Stapells, 1997; Picton, 1992) . In addition to peak amplitude and latency measures, mean amplitude measurements within a 100-msec window were performed for the MMN. The latency window began 20 msec past the grand mean N1 latency for each noise condition and lasted 100 msec. This measure was included to objectify the MMN measures from the small-amplitude, relatively noisy difference waveforms that were obtained from individual subjects.
Determination of response presence required the agreement of two experienced and independent judges. The presence of N1 was determined using the waveforms to the stimuli presented as standards. To be considered present, N1 was required to be larger in amplitude at frontocentral electrode sites than at parietal electrode sites. Inversion at the mastoid electrode sites was used to indicate response presence, but lack of inversion was not used to indicate response absence. The presence of N2 and MMN were determined using the difference waveforms. N2 must be larger in amplitude at midline-central electrode sites. When questionable, the waveforms to the stimuli presented as standards and deviants were compared and larger negativity in the waveforms to the deviant stimuli than to the standard stimuli in the N2 latency window was required for response presence. The same rules apply for the MMN, except that inversion at the mastoids was used to indicate response presence, though lack of inversion alone was not enough to indicate response absence. "Mean-MMN" measures, by definition, were objective and did not involve rating by judges. The presence of P3 was determined using the waveforms to the stimuli presented as deviants. To be considered present, P3 was required to be larger at Pz than at frontocentral electrode sites. When questionable, the waveforms to the stimuli presented as standards and deviants were compared, and larger positivity in the waveforms to the deviant stimuli than to the standard stimuli in the P3 latency window was required for response presence. When judgments were considered questionable using the above rules, replicability of the waveforms was examined. If the wave was replicable, then it was judged as present. When a wave was judged absent, it was given an amplitude of zero V (Martin, Kurtzberg & Stapells, 1999; Martin, Sigal, Kurtzberg & Stapells, 1997; Whiting, Martin & Stapells, 1998) .
Statistical Analyses
Three-way repeated-measures analyses of variance (ANOVA) as a function of speech stimulus, stimulus intensity, and noise condition were carried out on the amplitude and latency data. Four-way ANOVAs as a function of wave, intensity, stimulus, and condition were also carried out on normalized amplitude and latency data. The data were normalized by conversion to percent of (d', amplitude) or change from (RT, latency) the quiet (no noise) condition. Two-way ANOVAs were also carried out on amplitudes of each component as a function of electrode site (C3M versus C4M) and noise masking condition (quiet versus 1000-Hz LPN) to determine if the noise masking differentially affected the responses from each hemisphere. For all of these analyses, main effects and interactions were considered significant if p Ͻ 0.01. Greenhouse-Geisser epsilon correction factors () were applied to the degrees of freedom and are reported where appropriate (Greenhouse & Geisser, 1959) . Reported probabilities reflect these adjustments. For latency measures, the repeated-measures ANOVAs were performed in a manner to maximize the number of conditions in the analysis. This required that some subjects be eliminated (due to missing data from conditions where their behavioral discrimination was poor and latency could not be determined). Conditions were eliminated, however, if fewer than five subjects remained. In this case, two-way ANOVAs were carried out on the data from the 80-dB conditions. Neuman-Keuls post hoc measures were performed when significant main effects or interactions were obtained. The post hoc results were considered significant if p Ͻ 0.05. Pearson productmoment correlation coefficients were calculated between the behavioral measures of discrimination and RT and N1, N2, MMN, and P3 latency and amplitude. Correlation results were considered significant at a level of p Ͻ 0.01.
RESULTS
Behavioral Results
Masked Audiograms • Behavioral masked and nonmasked pure-tone audiograms are displayed in Figure 1 . Shown are the mean threshold data in dB SPL for the 10 subjects (top) and the corresponding standard deviations (bottom). The masking noise produced moderate threshold elevations at and below the filter cutoff and small (5 to 10 dB) threshold elevations one octave above the filter cutoff. Across all cutoff frequencies, the low-pass noise increased thresholds by an average of 49 dB one octave below the low-pass cutoff, 44 dB at the low-pass cutoff, and by 10 dB one octave above the cutoff.
Behavioral Measures (d', RT)
Table 1 (top) shows the behavioral d' results as a function of noise masking condition calculated from button-press responses to deviant stimuli that were obtained in the active discrimination condition. Statistical analyses of the data indicate a main effect of intensity [F(1,9) ϭ 31.98; p Ͻ 0.001], where d' scores were higher in response to 80-dB stimuli than to 65-dB stimuli, even in the quiet condition. There is a main effect of low-pass noise condition [F(6,54) ϭ 299.49; p Ͻ 0.001; ϭ 0.296], such that discriminability decreases as the low-pass noise cutoff is raised. Post hoc testing indicates that this decrease is not significant until the noise cutoff frequency is raised to 2000 Hz. With 2000-Hz low-pass noise, discriminability drops sharply and continues to drop to near-zero levels as the low-pass noise cutoff is raised. There are also significant intensity ϫ stimulus [F(1,9) ϭ 10.87; p ϭ .009] and intensity ϫ condition [F(6,54) ϭ 4.05; p ϭ .004; ϭ 0.341] interactions. Post hoc testing of the intensity ϫ stimulus interaction indicates that across all conditions, d' scores to /ba/ are smaller than are those to /da/ at 65 dB but not at 80 dB. Post hoc testing of the intensity ϫ condition interaction indicates that noise condition has a differential effect on the responses to the 65-versus the 80-dB speech sounds. The decrease in d' scores as the low-pass noise cutoff is raised begins with the 1000-Hz low-pass condition for the 65-dB speech sounds, whereas the decrease begins with the 2000-Hz low-pass condition for the 80-dB speech sounds. In other words, the effects of the low-pass noise masking are greater on the responses to the 65-dB stimuli. There is a trend toward an intensity ϫ stimulus ϫ condition interaction [F(6,54) ϭ 4.27; p ϭ 0.013; ϭ 0.507]. Examination of the data suggests that changes in d' scores in response to /ba/ presented at 65 dB begin with the 500-Hz low-pass noise condition, whereas changes for /da/ begin with the 1000-Hz low-pass noise condition. Changes in d' scores in response to the 80-dB stimuli do not begin until the 2000-Hz low-pass noise condition. Table 2 shows RT measures to the deviant stimuli. For both behavioral and ERP measures of latency, only those conditions where at least five of the subjects had responses are shown (RTs associated indicates that RT increases significantly when the masking cutoff for the 65-dB speech sounds is raised to 1000 Hz, whereas RTs for the 80-dB stimuli do not show significant increases when the masking cutoff was raised to 1000 Hz. There were not enough responses in the 2000-Hz low-pass noise condition for 65-dB speech sounds, however, to allow a comparison at 2000 Hz. There is a trend toward a stimulus ϫ condition interaction [F(3,27 ) ϭ 4.58; p ϭ 0.021; ϭ 0.727]. RTs are longer for /ba/ than for /da/, even in the quiet condition, and in general the differences become greater as the noise cutoff frequency is raised. In contrast to d' scores, there is no main effect of low-pass noise condition on RT [F(3,27) ϭ 2.16; p ϭ 0.167; ϭ 0.438], probably due to missing data and the resulting smaller number of subjects included in the analysis (Figure 2 bottom, Table 2 ). Therefore, data in response to the 80-dB stimuli were analyzed separately from data in response to the 65-dB stimuli (allowing for statistical analysis of more low-pass cutoff conditions than for the 65-and 80-dB data combined, due to missing data at 2000 Hz for the 65 dB intensity). These separate analyses indicate a significant effect of low-pass noise masking condition [F(4,24) For 65-dB stimuli, N1 is clearly present in the responses to stimuli presented as standards in the quiet, 250-, 500-, and 1000-Hz low-pass noise conditions and absent in the 4000-Hz and BBN conditions. The amplitude of N1 decreases and its latency increases as the low-pass cutoff frequency is raised. P3 is clearly present in the quiet, 250-, 500-, and 1000-Hz conditions, and is clearly absent in the 4000-Hz through BBN conditions. The amplitude of P3 decreases and latency increases as the low-pass noise cutoff is raised to 1000 Hz, and P3 disappears as the low-pass noise cutoff is raised further. N2 is the negativity preceding the P3 response. N2 amplitudes decrease and latencies increase as the lowpass noise cutoff is raised to 1000 Hz. N2 then disappears when the masker cutoff frequency is raised further.
For 80-dB stimuli, N1 is present in quiet and in all of the noise masking conditions. Its amplitude decreases and latency increases as the low-pass noise cutoff is raised. P3 is clearly present in the quiet through 2000-Hz low-pass noise conditions but is absent in the 4000-Hz and BBN conditions. N2 is clearly present in the quiet, 250-, 500-, 1000-, and 2000-Hz conditions. Its amplitude decreases and latency increases as the low-pass noise masker cutoff is raised to 2000 Hz. N2 is absent in the BBN condition. Figure 3 shows grand mean waveforms recorded in response to the 65-dB and 80-dB stimuli presented as standards and as deviants in the passive condition.
Grand Mean Waveforms in the Passive Condition
For 65-dB stimuli, N1 appears to be present in at least the quiet through 1000-Hz low-pass noise con- ditions. For 80-dB stimuli, N1 was clearly present in all of the conditions. N1 latencies and amplitudes, however, were not measured in the passive condition. Due to the rapid stimulus presentation rate, the generators of N1 probably were refractory in many subjects (e.g., Davis, 1976; Näätänen & Picton, 1987) . As a result of this, and perhaps some temporal overlapping, N1 was not always negative in voltage (relative to the prestimulus baseline) and was often difficult to identify. The MMN follows and partially overlaps the N1. It is better seen in difference waveforms. Figure 4 displays the MMN in grand mean difference waveforms, recorded from Cz in the passive condition at 65 and 80 dB. For 65-dB stimuli, the MMN appears to be present in the quiet through at least the 1000-Hz conditions for /ba/ and /da/ and questionably present in the 2000-Hz low-pass noise condition for both speech sounds. The MMN appears to be absent in 4000-Hz low-pass noise condition. It is clearly absent in the BBN conditions, as indicated by no activity below the pre-stimulus baseline (i.e., no negativity). The MMN increased in latency and decreased in amplitude as the low-pass noise masker cutoff was raised.
For 80-dB stimuli, the MMN is clearly present in the quiet through 1000-Hz low-pass noise masking conditions, and clearly absent in the 4000-Hz and BBN conditions. MMN amplitudes decrease and latencies increase as the low-pass noise masker is raised.
Amplitude and Latency Measures
The mean amplitude and latency data across the 10 subjects are shown in Tables 1 and 2 (lower  portion) and are summarized in Figure 5 . Table 1 shows mean amplitudes along with standard deviations for responses to /ba/ and /da/ presented at 65-and 80-dB ppe SPL in all of the low-pass noise masking conditions. Table 2 is similar to Table 1, except that mean latencies are shown rather than amplitudes. Figure 5 summarizes the results of the study for behavioral measures (d', RT) and for ERP measures N1, MMN, and P3. N2 was eliminated to simplify the figure. Data in this figure are expressed 
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EAR & HEARING / APRIL 2005 in terms of response strength (percent of quiet condition) or latency change (millisecond change from the quiet condition). The data in Figure 5 are collapsed across /ba/ and /da/, as there were few interactions involving speech stimulus. N1 • Figure 5 and Tables 1 and 2 Responses to 80-dB speech sounds are shorter in latency than are those to 65-dB speech sounds and responses to /da/ are earlier than those to /ba/. Both of these effects are seen even in the quiet condition. Post hoc analyses indicate that N1 latencies are significantly increased when the low-pass noise cutoff is raised to 1000 Hz. An ANOVA on only the responses to the 80-dB speech sounds also shows significant main effects of stimulus [F(1,8) ϭ 16.03; p ϭ 0.004], with latencies for /da/ being earlier than those for /ba/. Additionally, there is a main effect of condition [F(5,40) ϭ 63.76; p Ͻ 0.001; ϭ 0.468], with significant latency increases occurring when the low-pass noise is raised to 1000 Hz and above. P3 • The effects of noise condition on P3 amplitudes and latencies are displayed in Figure 5 and Tables 1  and 2 . As the low-pass noise cutoff is raised, P3 amplitudes decrease [F(6,54) ϭ 41.73; p Ͻ 0.001; ϭ 0.325]. Post hoc analyses indicate that the decrease in amplitude is significant when the noise cutoff is raised to 2000 Hz and above. There is a trend for P3 amplitudes to /da/ to be larger than to /ba/ [F(1,9) ϭ 5.43; p ϭ 0.045], even in the quiet condition. There is no main effect of stimulus intensity [F(1,9) ϭ 4.19; p ϭ 0.071].
P3 latencies increase as the low-pass noise cutoff is raised [F(3,27) ϭ 9.71; p ϭ 0.003; ϭ 0.535].
These increases, however, are not significant until the noise cutoff is raised to 1000 Hz and above. There is no main effect of stimulus intensity [F(1,9) ϭ 3.90; p ϭ 0.080]. There is a trend for an intensity ϫ condition interaction [F(3,27) ϭ 3.87; p ϭ 0.044; ϭ 0.626]. Examination of the data indicates that the latency changes begin at the 1000-Hz noise cutoff for 65 dB, but that changes occur at higher noise cutoff frequencies for 80-dB stimuli. As a result, a two-way ANOVA was performed on the data from the 80-dB condition. Results indicate a significant effect of noise condition for the responses to 80-dB stimuli [F(4,24) ϭ 17.12; p Ͻ 0.001; ϭ 0.532] that is first significant in the 2000-Hz low-pass noise condition. N2 • The effects of noise condition on N2 amplitude are displayed in Table 1 . There is a main effect of intensity [F(1,9) ϭ 11.94; p ϭ 0.007] whereby N2 amplitudes are larger in response to 80-dB speech sounds than to 65-dB speech sounds. As the lowpass noise cutoff is raised, N2 amplitudes drop, indicated by a significant main effect of condition [F(6,54) ϭ 28.17; p Ͻ 0.001; ϭ 0.269]. These changes are significant when the noise cutoff is raised to 2000 Hz and above. There is no main effect of speech stimulus [F(1,9) ϭ 0.01; p ϭ 0.924].
N2 latencies were longer in response to /ba/ than to /da/ [F(1,9) ϭ 72.00; p Ͻ 0.001], even in the quiet condition. There was a trend for a significant effect of noise condition [F(3,27) ϭ 6.42; p ϭ 0.012; ϭ 0.571]. Examination of the data (Table 2) suggests that this is due to longer latencies when the noise cutoff is raised to 1000 Hz. There was no main effect of stimulus intensity [F(1,9) ϭ 0.51; p ϭ 0.495]. When data for responses to the 80-dB stimuli are examined alone, there is a significant main effect of low-pass noise condition [F(4,24) MMN latency increases as the low-pass noise cutoff is raised [F(3,21) ϭ 10.26; p ϭ 0.003; ϭ 0.599]. These changes are shown in Figure 5 (bottom) and Table 2 and are first significant when the noise cutoff is raised to 1000 Hz and above. There is also a significant effect of speech stimulus [F(1,7) ϭ 14.60; p ϭ 0.007], with responses to /da/ having shorter latency than those to /ba/, even in the quiet condition. There is no significant main effect of stimulus intensity [F(1,7) ϭ 3.15; p ϭ 0.119]. Analysis of the 80-dB results alone also indicates that MMN latency increases significantly when the noise cutoff is raised to 1000 Hz [F(4,28) ϭ 8.92; p ϭ 0.006; ϭ 0.413]. Additionally, there is a trend for latencies to in response to /da/ to be earlier compared with responses to /ba/ [F(1,7) ϭ 6.25; p ϭ 0.041]. Table 3 displays mean MMN amplitudes as a function of speech stimulus, stimulus intensity and low-pass noise condition. These valued were calculated as the mean amplitude in a 100-msec response window (see Table 3 ). There is a significant main effect of low-pass noise condition on MMN mean measures [F(6,54) 
Comparison of ERP and Behavioral Measures
A 4-way repeated-measures ANOVA on response strength (normalized amplitude data re: the quiet condition-see Figure 5 ) indicates complex changes, with a significant 4-way interaction [measure ϫ intensity ϫ stimulus ϫ condition interaction: F(24,216) ϭ 2.66; p Ͻ .001]. Results are more easily interpreted by breaking down the interaction into its component parts. First, post hoc analysis of a significant measure ϫ condition interaction [F(24,216) ϭ 2.18; p ϭ 0.002] reveals a significant decrease in response strength occurs at the 2000-Hz low-pass noise condition for all measures. For N1, however, the effect of the noise masking is less than for the other measures, especially for 80-dB stimuli. In the 1000-Hz low-pass noise condition, d' shows a significantly greater decrease compared with MMN. There are no significant differences between any of the other measures at the 1000-Hz low-pass noise cutoff. In the 2000-Hz low-pass noise condition, the decrease in d' is significantly greater than all of the ERPs. Also, in the 2000-Hz low-pass noise condition, the MMN shows less of a decrease from the quiet condition than does P3, and N1 shows a smaller decrease than does N2. There is a significant intensity ϫ condition interaction [F(6,54) ϭ 6.26; p Ͻ 0.001]. Decreases in response strength with noise condition are greater for responses to the 65-dB stimuli than to the 80-dB stimuli for low-pass noise conditions above 1000 Hz. Finally, the measure ϫ intensity ϫ stimulus ϫ condition interaction appears to be due primarily to N1 showing smaller decreases than the other measures in the 4000-Hz low-pass noise condition for the 80-dB intensity, particularly for responses to /ba/ (not shown in Figure 5 because data for the two speech sounds are pooled).
For latency change from the quiet condition, the 4-way repeated-measures ANOVA indicates a significant measure ϫ condition interaction [F(12,72) ϭ 2.73; p ϭ 0.004]. For the 1000-Hz high-pass noise condition, P3 shows significantly larger latency increases than all measures except for N2 (not visible in Figure 5 ). There is a trend toward a significant intensity ϫ condition interaction [F(3,18 ) ϭ 3.67; p ϭ 0.030] whereby latency change from the quiet condition as a result of noise masking is larger for responses to the 65-dB stimuli, beginning with the 1000-Hz low-pass noise condition. The significant measure ϫ stimulus ϫ condition interaction [F(12,72 ) ϭ 3.85; p Ͻ 0.001] appears to be due to a larger change from the quiet condition for P3 and N2 compared with the other waves, particularly for higher low-pass noise conditions, and in response to /ba/.
From Figure 5 , it is clear that the low-pass noise affects N1 differently than the other measures. This is particularly evident in the latency-change data. For example, N1 is present through the 2000-Hz low-pass noise condition for the responses to 65-dB speech sounds and is present through the 4000-Hz low-pass noise conditions for the responses to 80-dB speech sounds. In contrast, behavioral measures, MMN, N2, and P3 are present only through the 1000-Hz low-pass noise condition for the 65-dB speech sounds and through the 2000-Hz low-pass noise conditions for the 80-dB speech sounds. The shows the greatest latency change, N2, MMN, and RT show intermediate changes, and N1 shows the smallest changes in latency from the quiet condition as the low-pass noise masker is raised. In terms of changes in response strength, there is little difference across the various measures as the low-pass noise cutoff was raised for 65-dB speech sounds. For the 80-dB speech sounds, however, N1 shows a smaller decrease than the other measures as the low-pass noise cutoff was raised above 1000 Hz.
Hemisphere Comparison
An additional series of ANOVAs were completed to determine whether the noise masking differentially affected response amplitudes across the hemispheres, as has previously been reported (Müller-Gass, Marcoux, Logan, & Campbell, 2001 ). These analyses were completed for responses to 80-dB stimuli (amplitudes were collapsed across /ba/ and /da/) in the quiet versus 1000 Hz low-pass noise conditions, for electrodes C3M versus C4M and for components N1, N2, P3, and MMN. Table 4 shows mean amplitude and standard deviation for these components in the two noise masking conditions. In contrast to Müller-Gass et al. (2001) , the noise masking did not differentially affect amplitudes across the two hemispheres, as reflected by no significant electrode ϫ noise condition interactions (p ϭ 0.12 to 0.84).
DISCUSSION
The low-pass noise maskers resulted in decreased audibility similar to that seen with moderate lowfrequency hearing losses. As the noise cutoff frequency was raised, the portion of the audiogram showing decreased audibility changed systematically from including only low-frequency regions, to low-, mid-, and high-frequency regions. As would be expected, this pattern is different from that obtained with high-pass noise masking (Martin, Kurtzberg, & Stapells, 1999; Martin, Sigal, Kurtzberg, & Stapells, 1997) . High-pass noise masking results in decreased audibility, which changed systematically from including high-frequency regions, to high-, mid-, and low-frequency regions. The pattern of decreased audibility also differs somewhat from that obtained with BBN masking (Whiting, Martin, & Stapells, 1998) . With BBN masking, audibility is decreased for all of the frequency regions. The low-pass noise masking in the present study resulted in small threshold elevations above the masker cutoff frequency, perhaps due to upward spread of masking (Egan & Hake, 1950) . This upward spread of masking may thus result in a different effective cutoff frequency for low-pass noise masking compared with high-pass noise masking.
Decreased audibility results in decreased ERP amplitudes, and increased ERP latencies, along with lower behavioral d' values and increased RTs. For the stimuli used in this study (/ba/, /da/), the effects of the low-pass noise are greatest beginning when the 1000-to 2000-Hz spectral region is masked. This is the frequency region containing the primary acoustic cues differentiating /ba/ from /da/ (i.e., second formant transition frequency).
Behavioral Measures
The mild/moderate threshold elevations produced by low-pass noise masking in this study result in decreased d' scores. Changes in d' first begin with the 1000-Hz low-pass noise condition for 65-dB speech sounds, and with the 2000-Hz low-pass noise condition for 80-dB speech sounds. The d' scores were significantly smaller for responses to /ba/ than for /da/ at 65 dB, though not at 80 dB.
The moderate threshold elevations produced by the low-pass noise masking also result in increased RTs. As with d', changes in RT first begin with the 1000-Hz low-pass noise condition at 65 dB and with the 2000-Hz condition at 80 dB. Additionally, RTs to /ba/ are longer than those to /da/, even in the quiet condition, though this effect increases as the lowpass noise cutoff is raised.
Behavioral results with low-pass noise masking differ from our previous high-pass noise studies EAR & HEARING, VOL. 26 NO. 2 207 (Martin, Kurtzberg, & Stapells, 1999; Martin, Sigal, Kurtzberg, & Stapells, 1997) , in that, in the present study, changes in behavioral measures begin as the masker cutoff is raised, whereas changes in the previous studies begin as the masker cutoff is lowered. The similarity between the studies is that when spectral energy in frequency regions important for the discrimination of /ba/ and /da/ are masked, behavioral measures are affected. The present study shows differences in behavioral responses to the two stimulus intensities. For 80-dB stimuli in the 1000-Hz low-pass condition, most or all of the spectral cues for /ba/ were masked, whereas some of the spectral cues for discrimination of /da/ (some of the second formant transition, and perhaps some burst frequency information) were still available. Therefore, subjects could differentiate the stimuli. When the low-pass noise cutoff was raised to 2000 Hz, the second and third formant transitions for /da/ were also masked, and subjects could not differentiate the stimuli. For 65-dB stimuli, less masking was required to mask spectral energy in the region of the second formant transition. The low-pass noise had a greater effect on RT for /ba/ than for /da/. The second formant transition for /ba/ is about 1100 Hz, whereas for /da/ the F2 transition is higher, at about 1800 Hz. Therefore, the second formant transition for /da/ remained audible for more low-pass noise conditions than did the second formant transition for /ba/. Dubno & Ahlstrom have also found that speech recognition improves with increased speech intensity for normal subjects listening to low-pass masked speech stimuli. As the low-pass masker cutoff frequency is raised, consonant recognition decreases, particularly when the filter slope of the masker is steep (Dubno & Ahlstrom, 1995) . Dubno, Dirks, & Ellison found that high-pass filtering of speech presented to normal listeners (similar to low-pass masking) results in decreased consonant recognition. Recognition results for /b/ show systematic decreases as the filter cutoff is raised in octavesteps, especially when it is raised to 1400 Hz and above. Results for /da/ show large changes when the filter is raised to 2800 Hz and above (Dubno, Dirks, & Ellison, 1989) . Given the different task and type of stimuli used, their results are reasonably consistent with those of the present study. In the present study, changes in recognition are seen when the low-pass noise masker is raised to 1000 Hz and above and also when stimulus intensity is raised.
A number of additional studies have used filtering of stimuli and/or masking of stimuli to examine the effects of decreased audibility on behavioral speech recognition (e.g., Bell, Dirks, & Carterette, 1989; Fabry & Van Tasell, 1986; French & Steinberg, 1947; Humes, Dirks, Bell, & Kincaid, 1987; Kryter, 1960; Miller & Nicely, 1955; Milner, 1982; Owens, Benedict, & Schubert, 1972; Pollack, 1948; Sher & Owens, 1974; Thornton & Abbas, 1980; Walden, Schwartz, Montgomery, & Prosek, 1981; Wang, Reed, & Bilger, 1978) . In general, results indicate that these techniques reasonably, though not perfectly, simulate the effects of sensorineural hearing loss on speech recognition, which justifies their use. For example, Fabry & Van Tasell (1986) directly compared the filtering and noise masking techniques in terms of their ability to adequately simulate the effects of sensorineural hearing loss on speech perception and more specifically on the error patterns obtained. Their results indicated for three subjects, both the filtering and noise masking techniques were adequate, for one subject, only filtering was adequate, and for two subjects, neither technique was adequate. Both techniques have strengths and weaknesses in terms of their ability to simulate the effects of sensorineural hearing loss. Filtering is simpler, because it deletes the spectral energy above the filter cutoff. Filtering however, simulates only decreased audibility. There is risk, particularly with steep analog filtering, of altering temporal resolution with this technique. Masking produces primarily cochlear threshold elevations and simulates the loudness recruitment typically found with sensorineural hearing loss (Humes, Dirks, Bell, & Kincaid, 1987; Humes & Roberts, 1990) . However, this technique has the drawback of introducing an additional signal that is not present for listeners with sensorineural hearing loss. Thus, whereas neither technique perfectly simulates the effects of sensorineural hearing loss, each allow for the effects of decreased audibility to be systematically controlled.
ERP Measures: Active Conditions
Decreased audibility of the speech sounds produced by low-pass noise masking results in increased latencies and decreased amplitudes of the ERP peaks. No studies examining the effects of low-pass noise masking on ERPs have previously been published. N1 amplitudes dropped off rapidly when the low-pass noise cutoff was raised to 2000 Hz and above for 65-dB speech sounds and to 4000 Hz and above for 80-dB speech sounds. Changes in N1 latency began with the 1000-Hz noise for both 65-and 80-dB speech sounds. As would be expected, latencies were longer for 65-dB speech sounds than for 80-dB speech sounds. Latencies for N1 were longer for /ba/ than for /da/, perhaps due to the lower frequency content of /ba/ relative to /da/. This finding is consistent with results of our previous high-pass
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EAR & HEARING / APRIL 2005 noise studies (Martin, Kurtzberg, & Stapells, 1999; Martin, Sigal, Kurtzberg, & Stapells, 1997) and BBN studies (Whiting, Martin, & Stapells, 1998) . Although N1 was present in all conditions where speech sounds were audible, the drop off in N1 amplitude as the low-pass masker was raised was sharper than seen with changes in the high-pass noise maskers (Martin, Kurtzberg, & Stapells, 1999; Martin, Sigal, Kurtzberg, & Stapells, 1997) , particularly in response to 65-dB speech sounds. This may be due upward spread of masking or to a larger contribution of low-frequency spectral regions on N1 amplitude (Martin, Kurtzberg, & Stapells, 1999) . That is, N1 amplitude is smaller in response to high-frequency tones than to low-frequency tones (e.g., Picton, Woods, & Proulx, 1978) , which may carry over into smaller N1 amplitudes for speech sounds with higher frequency formant transitions (/da/) compared with speech sounds with a lower frequency formant transitions (/ba/). When the lowfrequency content of the speech sounds was masked by the noise, only a small N1 could be elicited where stimuli were audible because most of the energy contributing to N1 was masked. The pattern of results seen for N1 reflects its function as an obligatory potential. It reflects the presence of audible speech energy, being present when speech sounds were audible, whether or not they were discriminable. Changes in N2 amplitude resulting from the low-pass noise masking begin with the 2000-Hz low-pass noise masking, and amplitudes in response to the 65-dB speech sounds were smaller than were those in response to the 80-dB speech sounds. Changes in N2 latency begin with the 1000-to 2000-Hz low-pass noise conditions. Latencies were longer for /ba/ than for /da/.
As with N2, changes in P3 amplitude begin with the 2000-Hz low-pass noise condition. Changes in P3 latency begin at 1000-Hz for responses to the 65-dB speech sounds and 2000-Hz for responses to the 80-dB speech sounds.
The pattern of results seen for N2 and P3 reflect their function as "discriminative" potentials. The masking first affected the spectral region containing the second formant transitions for the stimuli when the low-pass cutoff was raised to 1000 Hz for the 65 dB speech sounds. The transitions were not completely masked, however, and subjects were able to differentiate between the stimuli, though not with the accuracy (d', amplitude) or speed (RT, latency) seen for lower low-pass noise cutoffs. Most subjects reported perceiving the sounds as /ba/ and /da/, or /a/ and /da/ in this condition, though they reported that distinguishing the sounds was difficult. For the 80-dB speech sounds, subjects reported that distinguishing between /ba/ and /da/ was easy in the 1000-Hz low-pass noise condition but reported difficulty distinguishing the speech sounds in the 2000-Hz low-pass noise condition. In this condition, most subjects reported that the speech sounds were /ba/ and /da/, or /a/ and /da/ but also mentioned that the sounds seemed quite distorted. When the lowpass noise masker cutoff was raised further, subjects that reported hearing the stimuli indicated they heard "/a/" and "/a/" or reported that they heard something repetitive but that the stimuli were no longer speech-like nor distinguishable.
ERP Measures: Passive Conditions
A shorter ISI was used for the passive conditions in the present study compared with our previous studies (Martin, Kurtzberg, & Stapells, 1999; Oates, Kurtzberg, & Stapells, 2002) . Due to increased efficiency of averaging in this study (a larger number of trials was presented in a given time period even with the decreased deviant probability compared with the previous study), the MMN obtained appeared larger and had clearer morphology than in our previous study (Martin, Kurtzberg, & Stapells, 1999) . The signal-to-noise ratios of the recordings were also improved (i.e., quieter recordings and larger amplitude responses) because a larger number of deviant trials was collected within in a given time period, whereas MMN amplitude did not show a large decrease with the change in ISI. As with d' and N2 and P3 amplitudes, significant changes in MMN amplitude begin with the 2000-Hz low-pass noise. Changes in MMN latency begin with 1000-Hz low-pass noise and latencies in response to /ba/ are longer than MMN latencies in response to /da/. These results are consistent with our previous study (Martin, Kurtzberg, & Stapells, 1999) in which changes in MMN amplitude and latency with highpass noise masking began with the 1000-Hz highpass noise condition. In other words, when the spectral energy important for differentiating /ba/ and /da/ was masked, changes in MMN amplitude and latency are seen. The pattern of results for the MMN, like N2 and P3, reflect its discriminative function. MMN changes occurred even though subjects were not paying attention to the stimuli, indicating much of the change seen with noise masking is pre-attentive.
ERP Measures: Hemisphere Comparison
In this study, noise masking did not differentially affect response amplitudes across the hemispheres, as has been previously reported (Müller-Gass, Marcoux, Logan, & Campbell, 2001; Shtyrov, Kujala, Ahveninen, Tervaniemi, Alku, Ilmoniemi, & Naa-tanen, 1998). Müller-Gass & colleagues (2001) examined MMN amplitudes in response to a /ba/-/da/ contrast presented in quiet and in BBN presented at three levels (65 to 75 dB). No significant difference in MMN amplitudes across the hemispheres was obtained in the quiet condition, similar to the present study. In the most intense noise masking condition, MMN amplitude was reduced over the left hemisphere. Shtyrov & colleagues (1998) examined magnetic MMN amplitude in response to a /pa/-/ka/ contrast in quiet, and in BBN presented at a signalto-noise ratio of 10 and 15 dB. In the quiet condition, the MMN response was larger in the left hemisphere compared with the right, whereas in BBN, the MMN response decreased in amplitude in the left hemisphere, while it increased in the right. Differences between this study and the others may be due to the specific acoustic characteristics of the speech sounds used, use of filtered masking versus BBN masking, and differences in stimulus rate, presentation levels, and masking levels. Another possibility is a floor effect, caused by the small amplitudes of the MMN, especially in noise-masked conditions. Lack of a hemisphere effect for the other components is consistent with the results of Shtyrov, Kujala, Lyytinen, Ilmoniemi, & Naatanen (2000) , who found no hemispheric difference in P1, N1, and P2 in response to both speech and nonspeech stimuli.
Implications
Cortical ERP and behavioral measures provide insight into the brain processing resulting in the perception of speech. N1 indexes speech sound audibility, being present when speech sounds are audible, whether or not they are discriminable. The MMN indexes pre-attentive speech sound discrimination, being present when audible speech sounds are discriminable, whether or not the subject is paying attention. At least in the present paradigm, N2, P3, and behavioral measures index conscious speech sound discrimination, being present when audible speech sounds are discriminable, but only when the subject is paying attention.
These results have a number of implications for the study of patient populations. A high percent correct or d' score does not guarantee that the timing of brain processes is unchanged. As shown by this study, and by our previous study (Whiting, Martin, & Stapells, 1998) , noise maskers resulted in slowing of brain processes associated with the discrimination of the stimuli. In some cases, this slowing occurred before changes in d' scores (or percent correct).
ERP measures might be considered for those patients who cannot or will not provide accurate behavioral measures of speech audibility and discriminability (e.g., infants, difficult-to-test populations). N1 may be used to index speech sound audibility. The strong correlations between behavioral performance and discriminative ERPs (MMN, N2, P3) suggest that these discriminative ERPs may be used to index speech sound discrimination. If MMN, N2, or P3 is elicited, then evidence is available that a patient's brain was able to differentiate, at a cortical level, between two speech sounds. There are, however, some limitations to these measures. First, N2 and P3 paradigms typically require the subject to pay attention to the sounds and to count or press a button to the deviant sounds. This is not possible for all subject populations, particularly those that we are more likely to assess using these potentials. Further, infants do not show "P3," although they do show P3-like cortical discriminative responses (e.g., Kurtzberg, 1989) , appearing as a negative wave peaking between 700 to 800 msec after stimulus onset. The cortical discriminative response is present in young infants but is less prominent with older infants. Additionally, these responses are sensitive to subject state and attention, which limit its use for clinical populations (Kurtzberg, Vaughan, Kreuzer, & Fliegler, 1995) . The MMN may provide an alternative index that, at a cortical level, the brain has differentiated between two speech sounds. Recordings of the MMN do not require subjects to pay attention, and the MMN can be elicited in infants and young children (e.g., Alho, Saino, Sajaniemi, Reinikainen, & Näätänen, 1990; Cheour-Luhtanen, Alho, Kujala, Sainio, Reinikainen, Renlund, Aaltonen, Eerola, & Näätänen, 1995; Kraus, McGee, Micco, Sharma, Carrell, & Nicol, 1993) . There remain problems, however, with response presence and variability in infants and young children (Kurtzberg, Vaughan, Kreuzer, & Fliegler, 1995) . Further research is needed to determine the most efficient ERP measures of speech sound discrimination in difficult-to-test populations.
ERPs may prove to be particularly useful for difficult-to-test populations with hearing loss. Electrophysiologic measures may be the only information available on an infant's hearing and speech perception capacity. Hearing aid fittings on these infants, therefore, are sometimes based on limited information. ERPs may provide us with more information on the effectiveness of the amplification, and provide ways to monitor changes with amplification and aural (re)habilitation (Oates, Kurtzberg, & Stapells, 2002) .
The acoustic cues differentiating certain speech sounds are not always available to listeners with hearing loss. The cues may be inaudible, degraded, or distorted. The present study provides more infor-
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EAR & HEARING / APRIL 2005 mation on changes in neural processing that occur when acoustic cues are clearly audible (e.g., quiet condition), degraded (e.g., 1000 to 2000 Hz low-pass noise conditions), or inaudible (e.g., BBN condition). When the acoustic cues differentiating /ba/ from /da/ were degraded using low-pass noise masking, latencies (and RT) increased and amplitudes (and percent correct) decreased. This suggests that persons with hearing loss may show similar changes in neural processing. If true, ERPs may be used to examine these changes as well as to examine the extent to which amplification remediates these changes (Korczak, Kurtz, & Stapells, Reference Note 1). In this study, for example, increases in discriminative ERP latencies occurred for 65-dB speech sounds when the low-pass noise masking was raised to 1000 Hz. When the speech sounds were amplified by 15 dB, to an 80-dB presentation level, the latency increases did not occur until the noise masking cutoff was raised to 2000 Hz. Further research examining changes in neural processing with hearing loss and with amplification are clearly needed. Cortical ERP studies in individuals with sensorineural hearing loss are beginning to emerge (e.g., Firszt, Chambers, & Kraus, 2002; Gravel, Kurtzberg, Stapells, & Vaughan, 1989; Oates, Kurtzberg, & Stapells, 2002; Ponton, Eggermont, Don, Waring, Kwong, Cunningham, & Trautwein, 2000; Ponton, Vasama, Tremblay, Khosla, Kwong, & Don, 2001; Tremblay, Piskosz, & Souza, 2003; Vasama & Makela, 1997) . The most relevant to this study is a direct follow-up. Oates, Kurtzberg, & Stapells (2002) recently examined ERPs to /ba/ and /da/ presented at 65-and 80-dB ppeSPL in 20 adults with sensorineural hearing loss and compared the results with a control group with normal hearing sensitivity. Although a detailed analysis of hearing loss configuration was not completed, results were in general agreement with our noise masking studies. The exception was that listeners with sensorineural hearing loss show decreases in ERP amplitudes and increases in ERP latencies at higher signal-to-noise ratios compared with subjects in the noise-masking studies.
ERPs have been used to predict emerging language function (Kurtzberg, 1989; Kurtzberg, Stapells, & Wallace, 1988) . It would be useful to examine whether ERPs could be used, with or without amplification, to predict the acoustic cues that are available to a child with hearing loss and perhaps to predict the language skills that a child with hearing loss will develop.
The results seen with decreased audibility due to low-pass noise masking may be applicable to patients with peripheral hearing loss. The masked audiograms are similar to those seen in patients with low-and mid-frequency sensorineural hearing loss, and similar in configuration, though not necessarily degree, to those seen with conductive loss such as otitis media. If this is true, even moderate low-frequency hearing loss produces slowing of brain processes and decreases in the amplitude of those processes involved in the evaluation of speech stimuli. A number of factors may contribute to these changes, and these may vary, depending on which component is examined. These factors may include sensory processing, neural processing, decisionmaking, and/or response implementation. This alteration in brain processing of speech sounds conceivably could result in difficulties with speech perception. Persons with low-frequency hearing loss not only have difficulty discriminating /ba/ and /da/ but may show difficulty with vowel perception, timing cues, prosody, and so on. Further studies with subjects with hearing loss are needed to determine whether the amplitude and latency changes seen in this study are comparable to those seen with hearing loss, whether hearing loss has further effects on neural processes or whether the effects of masking on the neural processing of speech is different from the effects of hearing loss.
